Anti-sigma factors regulate prokaryotic gene expression through interactions with specific sigma factors. The bacteriophage T4 anti-sigma factor AsiA is a molecular switch that both inhibits transcription from bacterial promoters and phage early promoters and promotes transcription at phage middle promoters through its interaction with the primary sigma factor of Escherichia coli, 70 . AsiA is an all-helical, symmetric dimer in solution. The solution structure of the AsiA dimer reveals a novel helical fold for the protomer. Furthermore, the AsiA protomer, surprisingly, contains a helix-turn-helix DNA binding motif, predicting a potential new role for AsiA. The AsiA dimer interface includes a substantial hydrophobic component, and results of hydrogen͞deuterium exchange studies suggest that the dimer interface is the most stable region of the AsiA dimer. In addition, the residues that form the dimer interface are those that are involved in binding to 70 . The results promote a model whereby the AsiA dimer maintains the active hydrophobic surfaces and delivers them to 70 , where an AsiA protomer is displaced from the dimer via the interaction of 70 with the same residues in AsiA that constitute the dimer interface. R egulation of prokaryotic transcription involves the interaction of sigma () factors, which bind to the core RNA polymerase to impart promoter recognition specificity, with cognate anti-sigma (anti-) factors that inhibit function. Most of the numerous examples of ͞anti-pairs involve alternative factors, those activated in response to specific stimuli, as opposed to primary factors, which are essential for survival and responsible for the bulk of transcription, including the housekeeping genes (reviewed in refs. 1-4). An important exception is the interaction of 70 of Escherichia coli, namesake for a family of sequence conserved primary factors, with the anti-factor AsiA.
R
egulation of prokaryotic transcription involves the interaction of sigma () factors, which bind to the core RNA polymerase to impart promoter recognition specificity, with cognate anti-sigma (anti-) factors that inhibit function. Most of the numerous examples of ͞anti-pairs involve alternative factors, those activated in response to specific stimuli, as opposed to primary factors, which are essential for survival and responsible for the bulk of transcription, including the housekeeping genes (reviewed in refs. [1] [2] [3] [4] . An important exception is the interaction of 70 of Escherichia coli, namesake for a family of sequence conserved primary factors, with the anti-factor AsiA.
The bacteriophage T4-encoded AsiA protein, product of the asiA gene (5) , and the first anti-factor to be discovered, binds tightly to the 70 subunit of the E. coli RNA polymerase holoenzyme (6) (7) (8) (9) (10) , altering the specificity of the complex toward both phage and host promoters. Following infection by bacteriophage T4, the E. coli RNA polymerase is recruited to sequentially transcribe genes from the T4 early, middle, and late promoters. T4 early promoters contain bacterial-like consensus DNA sequences that allow for their immediate recognition by the unmodified RNA polymerase, and the T4 early genes include the asiA gene. Shortly thereafter, transcription at early promoters is inhibited, along with transcription at bacterial promoters, by phage-induced modifications of the RNA polymerase, one of which is the tight association of AsiA with 70 . This interaction inhibits 70 -dependent transcription at early promoters by blocking recognition by 70 of the conserved sequence element centered at position Ϫ35 (11) . Furthermore, AsiA not only has the ability to function as an anti-factor, it also has the ability to promote transcription. In concert with the T4-encoded MotA protein (product of the T4 early gene motA), AsiA promotes efficient recognition of T4 middle promoters (12) (13) (14) by RNA polymerase holoenzyme, again through an interaction with 70 . Thus, direct association of AsiA with 70 promotes the switch from T4 early to middle transcription (reviewed in refs. 1 and 15) . Finally, the highly conserved region of 70 that interacts with AsiA, denoted region 4, is central to the function and regulation of many aspects of transcription, including specific DNA recognition. Therefore, a detailed structural analysis of AsiA is obligatory for a comprehensive understanding of the initial stages of transcription regulation during T4 infection and prokaryotic transcription in general.
Some structural details of anti-factors and their complexes with cognate factors have recently been revealed (16) (17) (18) (19) (20) . However, the only available high resolution structure for any anti-factor is that of the heat shock-induced chaperone DnaK, which has been shown to bind to the alternate factor 32 to regulate the heat shock response (21) (22) (23) (24) . Furthermore, no high resolution structural information has heretofore been available for anti-factors that target primary factors.
AsiA is a symmetric dimer (25) of small (90 aa, 10.59 kDa) protomers, which are composed of helix and coil regions and are devoid of ␤-strand͞sheet secondary structural elements (16) . Although AsiA is a member of a class of cytoplasmic antifactors (3, 4) , it has no known sequence homologues, including both the cytoplasmic and membrane-associated anti-factors. Herein, we describe the three-dimensional solution structure of the AsiA dimer determined using NMR spectroscopy. In addition, results of studies of the local and global stabilities of AsiA using hydrogen͞deuterium exchange are presented. The results provide additional support for an emerging new model of AsiA function and provide intriguing and unexpected evidence for additional biological roles for this novel protein.
Materials and Methods
AsiA Production. The cloning, overexpression, and purification of AsiA have been described (5, 12, 26) , as has preparation of isotopically labeled AsiA using isotopically labeled rich media (16) . In addition, the asiA gene was subcloned into the pET-24b expression vector and transformed into E. coli BL21(DE3) for expression. Samples of AsiA produced in this manner were labeled isotopically using minimal media with 13 C-glucose and͞or 15 NH 4 Cl as the sole carbon or nitrogen source. A sample of Ϸ10% 13 C-labeled AsiA for stereospecific methyl assignments was produced using minimal media with 10% uniformly 13 Clabeled and 90% unlabeled glucose as the carbon source. Purification was largely as described previously (12) (30) , an (H␤)C␤(C␥C␦)H␦ experiment (31) , and nuclear Overhauser effect (spectroscopy) [NOE(SY)] spectra (below). All methyl groups of Val and Leu were assigned stereospecifically using the method of Wüthrich and coworkers (32, 33) . Stereospecific assignments for the side-chain ϪNH 2 groups of Gln and Asn residues were also determined (34) . Distance restraints for structure calculations were derived from NOE intensities in 13 Cand 15 N-edited NOESY-HSQC spectra (35, 36) . Phi () angle restraints were determined from values of 3 J HN,H␣ coupling constants from an HNHA experiment (37) . Restraints for 1 angles of aromatic residues were obtained from J NC␥ -based 1 angle restraints, TALOS (41) derived psi () angle restraints (153 total , , and 1 ), and hydrogen bond restraints (34 total) based on hydrogen exchange rates (below). The torsion angle dynamics protocols of CNS 1.0 (42) were used to calculate a group of 50 structures that were then refined using Cartesian dynamics. The 25 structures with the lowest total energies were selected for subsequent analyses. None of these violated any distance restraint by more than 0.3 Å or any dihedral angle restraint by more than 5 degrees. Structures were analyzed using PROCHECK-NMR (43) and PRO-MOTIF (44) . All molecular models in the figures were prepared using MOLMOL (45) . N-HSQC spectra for Ϸ1.5 days. Rate constants for exchange (k ex ) were determined from a fit of the data (peak intensity versus time) to a three-parameter single exponential. Intrinsic rates of exchange (k int ) were calculated as described (46) O (47, 48) . The values of k ex and k int were used to calculate the slowing͞protection factors (k int ͞k ex ), the equilibrium constant for the opening event that permits a hydrogen to exchange (K op ϭ k ex ͞k int ) and the free energy change for the opening event (⌬G HX ϭ ϪRTlnK op ). The largest (and equivalent) values of ⌬G HX in AsiA (residues 15, 18, 36, 37, and 38) are localized to the dimer interface and show a large variation in k int , indicating exchange in the EX2 regime.
Results and Discussion
Solution Structure of the AsiA Dimer. We have shown recently that AsiA is a symmetric dimer in solution (25) . High resolution structural models for the AsiA dimer in solution are shown in Fig. 1 . These models confirm previous assertions as to the secondary structural elements comprising AsiA based on chemical shifts (16) . AsiA is an all-helical protein, composed of six helical segments and intervening loops and turns (Fig. 1b) . The helices, as well as the loops and turns in the models, are ordered and well determined (Fig. 1a, Table 1 ). Deviations from the average structure are very small for the N-terminal half of each protomer and are somewhat larger relatively for the C-terminal half, in part reflecting the relative stabilities of these regions of the protein (below). The large loop between helices 3 and 4 is ordered, as are the series of turns between helices 5 and 6. The two residues at the C terminus are not well ordered in the calculated structures.
The dimer interface is composed of stable contacts, deduced from observed intermolecular NOEs, involving primarily residues in the N-terminal helix, with additional contacts involving residues in helices 2 and 3 (Fig. 1c) . The highest density of observed contacts is localized to the C-terminal half of helix 1 and helix 3 of each protomer. The contacts observed involve predominantly hydrophobic side chains, and the dimer interface seems to constitute the hydrophobic core of the protein (below); however, the relative contributions of the hydrophobic and electrostatic components to the affinity of the dimer are unknown. The C-terminal halves of helix 1 from both protomers constitute a short, parallel coiled-coil. It should be noted that whereas the structures reported were solved without inclusion of ambiguous restraints for the interprotomer contacts, inclusion of these restraints as ambiguous (49) .pdf and http://gene.stanford.edu/3dsearch) tertiary structure similarity search and superposition protocols, no proteins with an arrangement of six helices as in the AsiA protomer were found. No more than three of the helices of AsiA were simultaneously superimposable with those of known proteins. By these criteria, the AsiA six-helix bundle (five excluding the short single turn helix 2) represents a novel helical fold.
One of the most intriguing facets of the AsiA structure is the presence of a helix-turn-helix (HTH) DNA binding motif (Fig.  2) , although neither free AsiA nor AsiA bound to 70 has been shown to interact directly with DNA, and there is no significant sequence homology between AsiA and other DNA binding proteins containing this motif. However, predictive methods based on profile-profile matching to sequence profiles of proteins in the Protein Data Bank (Fold and Function Assignment System, ref. 52) predict similarities between AsiA and small DNA binding proteins, whereas the DALI and 3dSearch protocols both find significant numbers of DNA binding proteins with tertiary structural similarity to AsiA (superposition of three helices of the HTH motif).
The basic DNA binding unit of the HTH DNA binding motif comprises three helices (53) . Ignoring the small, single turn helix 2, the HTH DNA binding motif in AsiA can be classified as both the H R-2 , H R-1 , H R type and the H R-1 , H R , H Rϩ1 type, where H R-2 is helix 1, H R-1 is helix 3, H R (the DNA recognition helix) is helix 4, and H Rϩ1 is helix 5 (Fig. 2a) . The turn between H R-1 and H R in AsiA is a loop (HTH loop ) (53) . We were unable to find examples of proteins with helices superimposable with helices 5, 4, and 3 of AsiA. There are, however, many examples of HTH DNA binding motifs in small DNA binding proteins with H R-2 , H R-1 , and H R helices, which superimpose well on helices 1, 3, and 4, respectively, of AsiA (Fig. 2b) . In AsiA, two helices of the HTH motif, helix 1 (H R-2 ) and helix 3 (H R-1 ), function as both an interface for dimerization and as a surface for interaction with 70 (25) . Helix 4 (H R ) is physically located such that it is apparently not involved directly in these capacities.
The presence of the HTH DNA binding motif in AsiA, along with previous results, suggests a reexamination of the role of AsiA during middle mode, and potentially early mode, transcription initiation. Productive recognition of T4 phage middle promoters by the prokaryotic RNA polymerase requires both AsiA and MotA (26) . Interestingly, binding of middle promoter DNA by the RNA polymerase holoenzyme in the presence of MotA is enhanced significantly in the presence of AsiA, and the RNA polymerase͞MotA DNase I footprint on middle promoter DNA is altered substantially again in the presence of AsiA (11, 14) . Whereas AsiA most certainly interacts tightly with 70 in these complexes, the available data indicate that this interaction occurs through residues in helices 1 and 3 of monomeric AsiA, without affecting helix 4 (H R ), which is positioned on the opposite side of AsiA, leaving helix 4 free to contact DNA. These observations suggest the hypothesis that AsiA can interact directly with DNA during middle mode transcription to increase the affinity of the polymerase͞MotA͞AsiA complex for the promoter DNA and possibly to influence specificity. Stability of AsiA. Results of hydrogen͞deuterium exchange studies reveal the local and global stabilities of AsiA (Fig. 3a) . Overall, the N-terminal half of AsiA is somewhat more stable than the C-terminal half. Many of the observed hydrogen exchange stabilities for residues in helices 1 and 3 are significantly larger than the lower limit of Ϸ4 kcal͞mol that can be detected by the method used, whereas only a relatively small number of residues in the C-terminal half exhibited observable hydrogen exchange stabilities. According to the structural models, the helices in the C-terminal half of AsiA are short, and the C-terminal half is relatively more solvent exposed than the N-terminal half, leading in part to the reduced protection from hydrogen exchange.
Residues in the C-terminal helix (helix 6) show no observable protection from hydrogen exchange with solvent. The hydrogen͞deuterium exchange results suggest that the most stable region of AsiA is the dimer interface. The C-terminal end of helix 1 from each protomer is aligned with the hydrophobic cleft between helices 1 and 3 of the opposing protomer to form the interface (Fig. 3b) . The interface is predominantly hydrophobic and relatively solvent inaccessible (Fig. 3b) . The hydrogen exchange stabilities for residues in these regions of the AsiA dimer are the largest overall and include those for residues 15, 18, 36, 37, and 38, which are statistically identical. It has been established that, in most cases, the overall global or conformational stability of a protein can be estimated from the largest hydrogen exchange stabilities (54, 55) because the most stable amide hydrogens, in general, require global unfolding of the protein to exchange with solvent. For the AsiA dimer, the five largest amide hydrogen exchange stabilities correspond to residues at the dimer interface, and the mean of these gives a global͞conformational stability (in D 2 O) of 7.0 Ϯ 0.4 kcal͞mol. Thus, the dimer interface of AsiA is clearly very stable, and complete dissociation of the free dimer may require global unfolding of the protein.
As shown previously (25) , AsiA binds tightly to peptides corresponding to AsiA binding determinants of 70 based on the slow exchange behavior of the complexes on the NMR time scale. However, significant excess peptide is necessary to titrate completely all of the AsiA, indicating a reduced apparent or overall affinity. The modest apparent affinity stems from the necessity to reorganize the dimer interface to accommodate binding of the peptides because the same residues that form the dimer interface are also involved in peptide binding. The high affinity interaction of the peptide with these residues drives the energetically unfavorable rearrangement of the dimer interface, resulting in the modest overall affinity. The hydrogen exchange results support these suggestions because the dimer interface is demonstrably very stable.
Mechanism of AsiA Interaction with 70 . Until recently, AsiA was proposed to interact exclusively with a single highly conserved region of 70 , denoted region 4.2 (approximately residues 570-599, an HTH DNA binding motif). Both the ability of AsiA to inhibit transcription at phage early promoters and its ability to facilitate transcription at phage middle promoters were considered to result from this single interaction (56, 57) . We have shown recently (25) that AsiA also exhibits a high affinity for conserved region 4.1 of
70
(approximately residues 540-565). Moreover, regions 4.1 and 4.2 can interact individually or simultaneously with AsiA (25) . These results indicate the potential for discrete functional states resulting from the interaction of AsiA with these regions of 70 . Importantly, as described above, these regions of 70 bind to AsiA via high affinity interactions with residues that comprise the dimer interface, and these interactions drive the reorganization of the dimer inter- face. These and other observations (25) indicate that the dimer interface reorganization is most likely a simple dimer dissociation. This model is consistent with the reported stoichiometry for the AsiA͞ 70 complex (11) and the lack of observed structural asymmetry deduced from the NMR spectra of AsiA bound to 70 -derived peptides as detailed previously (25) 
